The majority of embryonic loss in cattle occurs before maternal recognition of pregnancy, at around Day 16 postconception. The origin of the embryo can have a significant impact on the dynamics of embryo mortality. The aim of this study was to examine the temporal changes in transcriptional profile as the embryo develops from a spherical blastocyst on Day 7 to an ovoid conceptus at the initiation of elongation on Day 13 and to highlight differences in these temporal gene expression dynamics between in vivo-and in vitro-derived blastocysts that may be associated with embryonic survival/mortality using the bovine Affymetrix microarray. All embryos were produced either in vitro by in vitro fertilization or in vivo by superovulation. A proportion of Day 7 blastocysts were snap frozen, and the remainder were transferred (n ¼ 10 per recipient) to synchronized heifers, recovered on Day 13, and snap frozen individually. Three pools of Day 7 blastocysts (n ¼ 25 per pool) and Day 13 conceptuses (n ¼ 5 per pool) were used for microarray analysis. In Day 7 blastocysts, 50 genes were found to be differentially expressed (P , 0.05), of which 19 were upregulated and 31 down-regulated in the in vivo compared to in vitro embryos. In Day 13 conceptuses, 288 genes were found to be differentially expressed (P , 0.05), of which 133 were upregulated and 155 down-regulated in the in vivo compared to in vitro embryos. The comparison between Day 7 and Day 13 embryos revealed significant temporal changes in transcript profile with 1806 and 909 transcripts differentially expressed in the in vitro-and in vivo-derived embryos, respectively. Across the three array comparisons between Day 7 and Day 13 embryos, 444 genes were consistently exclusively present in the in vivo embryos, whereas 1341 were exclusively present in the in vitro embryos. Regardless of the origin of the embryo, 465 differentially expressed genes between Day 7 and 13 were common to both in vivo-and in vitro-derived embryos; these genes are likely critical for the transition between the blastocyst (Day 7) and ovoid conceptus (Day 13) stages of embryo development. In order to validate the microarray findings, differences in the expression of six genes (CYP51A1, FADS1, TDGF1, HABP2, APOA2, and SLC12A2) were confirmed by quantitative real-time PCR on in vivo-and in vitro-derived embryos on Day 7 and Day 13 using independent samples from those used for the microarray. Subsequent mapping of these differentially expressed genes into relevant functional groups and pathways identified important pathways involved in conceptus elongation in cattle. In conclusion, this analysis has identified genes and pathways crucial for the transition from a spherical blastocyst to an ovoid conceptus as well as those uniquely associated with a greater likelihood of embryonic survival (those unique to in vivo embryos) or loss (those unique to in vitro embryos).
INTRODUCTION
Successful establishment of pregnancy requires pregnancy recognition signaling by the conceptus (embryo/fetus and associated extraembryonic membranes) for maintenance of gestation. Cattle experience a relatively high incidence of embryo mortality, which is a major cause of economic loss. The available evidence in cattle indicates an embryonic and fetal mortality rate (excluding fertilization failure) of about 40% for moderate-producing cows based on a fertilization rate of 90% and an average calving rate of about 55% with an estimated 70-80% of this loss sustained between Days 8 and 16 after insemination (corresponding to the day of maternal recognition of pregnancy) [1] . Early pregnancy loss may be even greater in high-yielding dairy cows, which is a major impediment to milk production efficiency [2, 3] .
Establishment of pregnancy in cattle begins at the blastocyst stage and includes pregnancy recognition signaling, conceptus implantation, and placentation [4] . Bovine embryos move to the uterus during the first 3 to 4 days after fertilization and become expanded blastocysts around Days 7 to 8 [5] . Three stages of elongation are usually recognized in cattle: early or spherical, ovoid and filamentous or late [6] . In the cow blastocyst, trophoblast elongation is initiated around Gestational Day 12, and transition from the ovoid to filamentous stage is complete after several days [7] . Trophoblast cells start to elongate at Day 14, and the embryonic membrane can extend the entire length of both uterine horns by Day 24. During elongation, conceptus size increases more than 1000-fold, accomplished by an increase in cell number and accompanying protein synthesis [6, 8, 9] .
The process of elongation is exclusively maternally driven. Up to the blastocyst stage, the embryo is somewhat autonomous (i.e., does not need contact with the maternal reproductive tract) as evidenced by the fact that blastocysts can be successfully developed in vitro in large numbers using in vitro fertilization (IVF) technology and transferred to synchro-nized recipients. In contrast, development of the posthatching and preimplantation conceptus is dependent on substances in the uterine lumen, termed histotroph, that are derived from the endometrium, particularly the uterine glands, for growth and development. This is evidenced by the fact that posthatching elongation does not occur in vitro [10, 11] and that the absence of uterine glands in vivo results in a failure of blastocysts to elongate [12, 13] .
Preparation of the uterine luminal epithelium for attachment of trophectoderm and implantation in all studied mammals, including ruminants, involves carefully orchestrated spatiotemporal alterations in gene expression within the endometrium. In both cyclic and pregnant animals, similar changes occur in endometrial gene expression up to initiation of conceptus elongation (approximately Day 13) , suggesting that the default mechanism in the uterus is to prepare for and expect pregnancy [14] . Indeed, it is possible to transfer an embryo to a synchronous uterus 7 days after estrus and establish a pregnancy, as is routine in commercial bovine embryo transfer. It is only in association with maternal recognition of pregnancy, which occurs on approximately Day 16 in cattle [15] , that significant changes in the transcriptomic profile are detectable between cyclic and pregnant endometria [14] , when the endometrium responds to increasing interferon-tau (IFNT) secreted by the filamentous conceptus.
Surprisingly, the biochemical and molecular aspects of conceptus/endometrial interactions and blastocyst growth and conceptus development during early pregnancy are not well defined in cattle. A variety of studies have examined temporal gene expression in the endometrium of the uterus during selected stages of the estrous cycle and early pregnancy [16] [17] [18] and highlight the importance of an optimal uterine environment to support successful development of the conceptus. However, the role of the developing conceptus itself in eliciting appropriate temporal and spatial changes in endometrial function should not be underestimated. For example, two recent studies provide strong evidence that the endometrium of the cow reacts differently depending on the type of embryo present [19, 20] . In other words, embryos of different quality (i.e., with divergent developmental fates: cloned vs. IVF vs. artificial insemination) elicit a different response in terms of the endometrial transcriptome.
Despite significant progress in our understanding of the temporal changes in the transcriptome of the uterine endometrium, we have only a rudimentary knowledge of the genes and pathways governing growth and development of the conceptus in cattle. Specifically, we still do not know the functional mechanisms through which maternally derived molecules regulate embryonic development. To date, the vast majority of studies examining gene expression in bovine embryos have been carried out at the blastocyst stage or earlier [21] with relatively few studies focusing on the period of elongation leading up to maternal recognition of pregnancy [6, 22, 23] . The aim of this study was to examine the temporal changes in transcriptional profile as the embryo develops from a spherical blastocyst on Day 7 to an ovoid conceptus at the initiation of elongation on Day 13 and to highlight differences in these temporal gene expression dynamics between in vivo-and in vitro-derived blastocysts that may be associated with embryonic survival/mortality.
MATERIALS AND METHODS

Animals
All experimental procedures involving animals were sanctioned by the university's Animal Research Ethics Committee and were licensed by the Department of Health and Children, Ireland, in accordance with the Cruelty to Animals Act (Ireland 1897) and European Community Directive 86/609/EC.
In Vivo Blastocyst Production
The experimental design used is illustrated in Figure 1 . Briefly, crossbred beef heifers were synchronized by administration of two intramuscular injections of the prostaglandin F2a analogue cloprostenol (PG; Estrumate) 11 days apart. Estrus detection was initiated 12 h after the second PG injection, and standing estrus was defined as Day 0. Beginning on Day 10, donor heifers were superovulated with a total of 12 ml (420 IU) of follicle-stimulating hormone (FSH; Folltropin; Bioniche) given as twice-daily injections over 4 days on a decreasing dose schedule. An intramuscular injection of PG (equivalent to 0.5 mg cloprostenol) was administered at the time of the fifth and sixth FSH injections to induce luteolysis. Embryo donors were inseminated with frozen-thawed semen 12 and 24 h after the onset of estrus. On Day 7 after insemination, donors were flushed nonsurgically with 500 ml PBS supplemented with 10% fetal calf serum (FCS; cat no. F2442-Sigma; lot no. 128K8423). The same batch of serum was used throughout the study, including for the production of embryos in vitro below. This was filtered through an Emcon filter (Veterinary Concepts) and searched under a stereomicroscope. The recovered oocytes and/or embryos were assessed for developmental stage, and only grade 1 blastocyst-stage embryos, based on the guidelines of the International Embryo Transfer Society [24] , were either selected for transfer in groups of 10 to synchronized recipients ipsilateral to the corpus luteum or snap frozen and stored at À808C for the array and quantitative real-time PCR analyses. All nonsurgical embryo recoveries and embryo transfers were performed by an experienced commercial operator (Bovi Genetics).
In Vitro Blastocyst Production
The techniques for producing embryos in vitro have been previously described in detail [25] . Immature cumulus oocyte complexes (COCs) were obtained by aspirating follicles from the ovaries of crossbred beef heifers, similar to those animals used to generate in vivo embryos above, collected at slaughter. COCs were matured for 24 h in TCM-199 supplemented with 10% (v/v) FCS and 10 ng/ml epidermal growth factor at 398C under an atmosphere of 5% CO 2 in air with maximum humidity. For IVF, matured COCs were inseminated with frozen-thawed percoll-separated bull sperm at a concentration of 1 3 10 6 spermatozoa/ml. Gametes were coincubated at 398C under an atmosphere of 5% CO 2 in air with maximum humidity. Semen from the same bull as that used for in vivo embryo production was used throughout. At ;20 h postinsemination, presumptive zygotes were denuded and transferred to 25-ll culture droplets (25 embryos per droplet) of synthetic oviduct fluid medium. On Day 7 (day of IVF ¼ Day 0), grade 1 blastocysts were either transferred in groups of 10 to synchronized recipients ipsilateral to the corpus luteum as described above or snap-frozen and stored in À808C for the array and quantitative real-time PCR analyses.
Recovery of Day 13 Conceptuses
Recipients from both groups were slaughtered on Day 13 (day of estrus ¼ Day 0). Day 13 was chosen because it represents the initiation of elongation in cattle, a critical checkpoint in development involving the development of the blastocyst from a spherical to a tubular and then to a filamentous conceptus [6] . In addition, previous experience has shown that in the case of multiple transfers of embryos, separating rapidly elongating conceptuses after Day 14 can be very challenging [26] . After animals had been slaughtered, their reproductive tract was removed and transported to the laboratory (within 60 min). The uterine horns were trimmed free of excess tissue before being flushed with 100 ml PBS containing 5% FCS. Following recovery, embryos were then located under a stereomicroscope, measured, and snap frozen individually for array and quantitative real-time PCR analyses.
mRNA Extraction and Synthesis of Biotinylated cRNA
Total RNA was prepared from three pools of Day 13 embryos (n ¼ 5 embryos per pool) and three pools of Day 7 blastocysts (n ¼ 25 blastocysts per pool) for both in vivo and in vitro groups according to the experimental design. Trizol was used to extract the RNA from frozen embryos according to the manufacturer's instructions (Invitrogen). Each RNA preparation was tested for degradation using the Agilent 2100 Bioanalyzer (Agilent Technologies). The cDNA was synthesized from 75 ng of total RNA using two-cycle target labeling and control reagents (Affymetrix) to produce biotin-labeled cRNA. The cRNA preparation (10 lg) was fragmented at 948C for 35 min into 35 to 
Data Analysis
The raw data intensity files were read into R (www.r-project.org) and preprocessed using functions of the Affymetrix and Gene Chip Robust MultiArray Average packages of the BioConductor project (www.bioconductor.org). Identification of differentially expressed genes (DEGs) from blastocysts and early conceptuses was achieved using the Limma package employing linear modeling and an empirical Bayes framework to shrink the variance of measurements on each probe set. A modified t-test was carried out, and Pvalues were adjusted for multiple testing using the Benjamini and Hochberg false discovery rate method. Lists of DEG were selected on the basis of an adjusted P-value of ,0.05. A more stringent level of P , 0.01 was used to generate the lists of differentially expressed probe sets inputted for the gene ontology (GO) overrepresentation analysis.
Gene Ontology Analysis
Gene ontology (GO) analysis was performed using the Gostats package of BioConductor [27] . The chip probes were first filtered as outlined in the GOstats vignette or help page in Bioconductor. This provided a ''gene universe'' that represented the set of expressed genes across the experimental conditions. The filtering reduced the amount of ''false positives'' resulting from the analysis, that is, GO terms marked as statistically significant when in truth they are not. For each list of significant DEGs from the microarray analysis, a conditional hypergeometric statistical test was performed using a cutoff P-value of 0.01. This selected the overrepresented GO nodes, that is, those associated with the probe list more than would be expected by chance based on the gene universe while taking into account the structural relationship between GO terms.
Pathway Analysis
The annotated genes were organized using Entrez Gene identifiers and fold changes and adjusted P-values as observations. They were loaded into Ingenuity Pathway Analysis (IPA) V7.5 software server (Ingenuity) for mapping into relevant functional groups and pathway analysis. Using its Web database based on previous studies, IPA is able to automatically find the potential connections between the uploaded candidates and to classify them into scored networks according to the molecular pathways. A score and P-value were therefore associated to each network, which is composed of selected genes from the uploaded list linked together and with other molecules and mapped in a whole signaling pathway. Each molecular relationship among the network members is represented in a conventional mapping that allows identification and therefore interpretation of the type of interaction.
Quantitative Real-Time PCR
To confirm the ability of this microarray analysis to resolve the differences in expression levels, six genes that showed a significant difference between experimental groups were selected. Poly(A) RNA from three pools of 10 Day 7 blastocysts and 3 Day 13 embryos, independent from those used on the microarrays, was prepared following the manufacturer's instructions using the Dynabeads mRNA Direct Extraction KIT (Dynal Biotech). Immediately after extraction, the reverse transcription (RT) reaction was carried out following the manufacturer's instructions (Bioline; Ecogen) using poly(T) primer, random primers, and Moloney Murine Leukemia Virus reverse transcriptase enzyme in a total volume of 30 ll to prime the RT reaction and to produce cDNA. Tubes were heated to 708C for 5 min to denature the secondary RNA structure, and then the RT mix was completed with the addition of 100 units of reverse transcriptase. They were then incubated at 428C for 60 min to allow the RT of RNA, followed by 708C for 10 min to denature the RT enzyme. The quantification of all mRNA transcripts was carried out by quantitative real-time PCR as previously described [28] . PCR was performed by adding a 2-ll aliquot of each sample to the PCR mix containing specific primers selected to amplify glyceraldehyde-3-phosphate dehydrogenase (GAPDH), cytochrome P450 family 51, subfamily A, polypeptide 1 (CYP51A1), fatty acid desaturase 1 (FADS1), teratocarcinoma-derived growth factor 1 (TDGF1), hyaluronan binding protein 2 (HABP2), apolipoprotein A-II (APOA2), and solute carrier family 12 (sodium/potassium/chloride transporters), member 2 (SLC12A2). Primer sequences and the approximate sizes of the amplified fragments of all transcripts are shown in Supplemental Table S1 (all Supplemental Data are available online at www.biolreprod.org). Quantitative real-time PCR conditions were 948C for 3 min followed by 35 cycles (948C 10 sec, 568C 30 sec, 728C 10 sec, and 10 sec of fluorescence acquisition; Rotor Gene 6000; Corbett Research). Each pair of primers was tested to achieve efficiencies close to 1, and then the comparative cycle threshold (CT) method was used to quantify expression levels as previously described [28] . To avoid primer dimer artifacts, fluorescence was acquired in each cycle at a temperature higher than the melting temperature of primer dimers (specific for each product; 808C to 878C). Then the threshold cycle or the cycle during the log-linear phase of the reaction at which fluorescence increased above background was determined for each sample. When the efficiency is close to 1, within this region of the 
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amplification curve, a difference of one cycle is equivalent to doubling of the amplified PCR product. According to the comparative CT method, the DCT value was determined by subtracting the endogenous control (GAPDH) CT value for each sample from each gene CT value of the sample. Calculation of DDCT involved using the highest sample DCT value (i.e., the sample with the lowest target expression) as a constant to subtract from all other DCT sample values. Fold changes in the relative gene expression of the target were determined using the equation 2
ÀDDCT .
RESULTS
Correspondence analysis, a computational method to study the overall changes in gene expression, was used to obtain a visual understanding of the relationship between the different experimental groups. The analysis revealed that the source of greatest variation in gene expression among the samples was the stage of embryo development with a clear separation of Day 7 and Day 13 embryos (Fig. 2) . Overall, samples clustered into one of four groups corresponding to Day 7 blastocysts and Day 13 early conceptuses produced either in vivo or in vitro. Day 7 blastocysts clustered close together regardless of the system of production used; however, Day 13 conceptuses were very clearly separated on the basis of whether they originated from blastocysts produced in vivo or in vitro.
Comparison of Gene Expression on a Given Day Between In Vivo-and In Vitro-Derived Embryos
All data related to this study have been deposited on the GEO database (accession no. GSE27817). The total number of genes expressed at both stages of embryo development was similar (10 000 and 10 500) for Day 7 and 13 embryos, respectively. To identify if the origin of the embryo affected its transcriptome, we compared the expression pattern of genes from in vivo-derived embryos to their in vitro-produced counterparts on Day 7 and on Day 13. Overall, the pattern of gene expression was similar in both in vivo-and in vitroderived Day 7 blastocysts, with a relatively small number of DEGs identified (n ¼ 50); however, 228 DEGs were identified between Day 13 conceptuses derived from the transfer of blastocysts produced in vivo or in vitro (Fig. 3) .
Of the 50 DEGs identified between in vivo-and in vitroderived embryos on Day 7, 19 genes were up-regulated and 31 down-regulated in the in vivo embryos ( Fig. 3 ; Supplemental Table S2 ). Analysis of the GO terms from this list of DEGs indicated that 26 biological processes (containing a minimum of two genes) were overrepresented, including 1) cellular biosynthetic process, 2) oxidation reduction, 3) cellular lipid metabolic process, 4) transcription, and 5) regulation of RNA metabolic process (Supplemental Table S3 .1). Of the 288 DEGs between in vivo-and in vitro-derived embryos on Day 13, 133 were up-regulated and 155 down-regulated in the in vivo-derived embryos ( Fig. 3 ; Supplemental Table S4 ). GO terms overrepresented from all 288 DEGs revealed more genes in the categories of 1) multicellular organismal process, 2) system development, 3) cellular developmental process, 4) negative regulation of cellular process, 5) vesicle-mediated transport, and 6) response to external stimulus (Supplemental Table S3 .2).
Culturing Embryos In Vitro Causes Distinct Alterations in the Transcriptome Changes That Occur Between Day 7 and Day 13 of Development
In order to identify which genes change as the embryo changes from a spherical blastocyst to an ovoid conceptus, the transcriptomes of Day 7 and Day 13 embryos were compared. The number of genes temporally regulated between Day 7 and Day 13 embryos was significantly affected by the origin of the blastocyst with 909 and 1806 DEGs identified for in vivo-and in vitro-derived embryos, respectively (Fig. 3) . Of the 909 genes that were differentially expressed between in vivoderived blastocysts on Day 7 and the corresponding Day 13 embryos, 408 were up-regulated and 501 down-regulated on Day 13 ( Fig. 3 ; Supplemental Table S5 ). Ninety-eight GO term categories for biological processes (containing a minimum of Table S3 .3), including multicellular organismal developmental, cellular developmental process, organ development, anatomical structure morphogenesis, cellular lipid metabolic process, cell development, and cell-to-cell signaling.
Of the 909 DEGs between Day 7 and Day 13 in vivoderived embryos, 444 genes were unique to in vivo-derived embryos (Supplemental Table S6 ), while the remaining 465 genes were in common with in vitro-derived embryos (Fig. 3) . GO terms that were overrepresented from these 444 DEGs were associated with 56 categories of biological processes (containing a minimum of two genes), including 1) biosynthetic process, 2) regulation of metabolic process, 3) multicellular organismal process, 4) RNA biosynthetic process, 5) system development, 6) oxidation reduction, 7) cellular lipid metabolic process, and 8) cell adhesion (Supplemental Table  S3 .4). These genes were associated with the pathways of glycerolipid metabolism (7 genes from this pathway of 156 genes were differentially expressed); biosynthesis of steroids (4/128 genes); acute phase response signaling (8/178 genes); valine, leucine, and isoleucine degradation (5/111 genes); and FXR/RXR activation (5/103 genes). IPA analysis identified interactions between genes associated with 1) cardiovascular system development and function, gene expression, and organismal development (interaction network 1; Fig. 4 ) as well as 2) lipid metabolism, small-molecule biochemistry, and molecular transport; 3) neurological disease, genetic disorder, and skeletal and muscular disorder; 4) cancer and genetic disorder; and 5) embryonic development, tissue development, and gene expression.
In contrast, twice as many genes (1806) were differentially expressed between in vitro-derived Day 7 blastocysts and the corresponding Day 13 embryos. Of these, 853 genes were upregulated and 953 down-regulated on Day 13 ( Fig. 3 ; Supplemental Table S7 ). Fifty GO term categories for biological processes with a minimum of two genes were overrepresented in this list (Supplemental Table S3 .5), including establishment of localization, multicellular organismal process, regulation of gene expression, anatomical structure development, negative regulation of biological process, lipid biosynthetic process, negative regulation of transcription, and immune system development.
Of the 1806 DEGs between Day 7 and Day 13 in vitroderived embryos, 1341 genes were unique to in vitro-derived embryos (Supplemental Table S8 ), while the remaining 465 genes were in common with in vivo-derived embryos (Fig. 3) . GO terms that were overrepresented from this list of DEGs were associated with 35 categories of biological processes (containing a minimum of two genes), including 1) regulation of metabolic process, 2) regulation of gene expression, 3) regulation of cellular biosynthetic process, 4) intracellular protein transport, 5) negative regulation of transcription, 6) membrane lipid biosynthetic process, and 7) cell redox homeostasis (Supplemental Table S3 .6). These genes were present in large numbers in five pathways in IPA analysis with 14 genes in the glycerophospholipid metabolism pathway, 12 genes in the regulation of eIF4 and p70S6K signaling pathway, and 10 genes in both the EIF2 and the IL6 signaling pathways as well as 15 genes involved in the Endothelin 1 signaling pathway. Of the five interaction networks identified by IPA, the first interaction network involved genes in cellular compromise, lipid metabolism, and nucleic acid metabolism. Interestingly, the second interaction network (hematological disease, organismal injury and abnormalities, and cellular development) included POU5F1, which was down-regulated in the in vitro-derived embryos on Day 13 (Fig. 5) . 
Identification of Key Genes Required for the Transition from Blastocyst Development to the Initiation of Conceptus Elongation in Cattle
Regardless of the origin of the embryo, 465 DEGs between Day 7 and Day 13 were common to in vivo-and in vitroderived embryos and are thus likely to be essential for the transition between the blastocyst (Day 7) and the ovoid conceptus (Day 13) stages of embryo development ( Fig. 3 ; Supplemental Table S9 ). GO terms that were overrepresented from this list of DEGs were associated with 38 categories for biological processes (minimum of two genes), including 1) multicellular organismal process, 2) system development, 3) negative regulation of biological process, 4) cellular lipid metabolic process, 5) cation transport, and 6) anatomical structure morphogenesis (Supplemental Table S3 .7). IPA analysis mapped these 465 common genes to five pathways: 1) the endoplasmic reticulum stress pathway (3/18 genes), 2) IL10 signaling (5/70), 3) the role of NFAT in cardiac hypertrophy (9/207), 4) IL6 signaling (6/93), and 5) nitrogen metabolism (4/133). In addition, five interaction networks were identified from these 465 DEGs. The first of these involved genes in cellular development, lipid metabolism, and small-molecule biochemistry with MYC involved in both direct and indirect interactions with a large number of DEGs (Fig. 6) .
Quantitative Real-Time PCR Validation
In order to validate the microarray findings, differences in the expression of six genes (CYP51A1, FADS1, TDGF1, HABP2, APOA2, and SLC12A2) was confirmed by quantitative real-time PCR on in vivo-and in vitro-derived embryos on Day 7 and 13 using independent samples from those used for the microarrays. 
DISCUSSION
Survival and growth of the mammalian conceptus is dependent on the uterus. During early pregnancy, the endometrium synthesizes and secretes as well as selectively transports a variety of substances collectively termed histotroph into the uterine lumen [29] . Uterine secretions are of particular importance for the survival and growth of conceptuses in ruminants because of the protracted peri-implantation period and the superficial nature of implantation. As important as the uterine milieu, the quality of the embryo has a significant effect on the signals elicited from the endometrium [19, 20] , which may or may not be conducive to embryo survival. Put another way, an appropriate uterine environment may not be sufficient to ensure conceptus survival if the quality of the embryo is intrinsically compromised (e.g., in the case of IVF or cloned embryos).
The main findings of this study are 1) that major temporal changes occur in the embryo transcriptome between the blastocyst stage on Day 7 and the initiation of conceptus elongation on Day 13; 2) that these changes are related to the environment to which the embryo is exposed up to the blastocyst stage (i.e., in vivo vs. in vitro), with marked differences that appear in the transcriptome of the Day 13 embryo depending on its origin and that are reflective of its subsequent developmental fate; and 3) that there is a panel of differentially expressed transcripts between Day 7 and Day 13 that are common to both in vivo-and in vitro-derived embryos and that are likely essential for initiation of elongation. Based on an interaction network analysis, the DEGs between in vivoand in vitro-produced blastocysts and early conceptuses were associated with major pathways related to embryonic and placenta development, cell-to-cell signaling, and organismal development.
Most embryonic loss in cattle occurs in the period leading up to maternal recognition of pregnancy by Day 16 with relatively little loss after this time [2] . The origin of the embryo can have a significant impact on the dynamics of embryo mortality [30] . It is generally accepted that embryos produced in vitro are less developmentally competent than those derived in vivo as evidenced by differences in ultrastructure [31] , cryotolerance [25, 32] , gene expression [33, 34] , and pregnancy rate after transfer [35] . Further manipulations of the embryo (e.g., nuclear transfer, especially using somatic cells as nuclear donors) can significantly alter both the timing and the incidence of embryo loss [30] . In particular, the postfertilization culture period (from zygote to blastocyst) is crucial in optimizing embryo quality [36] . Many studies examining embryo quality and/or gene expression profiles use the blastocyst stage as an experimental end point. This is clearly inadequate, as not all blastocysts are of equal quality. Therefore, we have used a multiple embryo transfer model to assess the ability of blastocysts to undergo elongation. Transferring multiple embryos to the reproductive tract is not reflective of the normal situation in single-ovulating species such as the bovine where there is only one embryo present. However, we have previously shown that this is a useful method of assessing conceptus elongation, something that is not achievable in vitro [10, 11] , and is a better end point than simply blastocyst yield [14, 26, 37] . The results of the current study support the use of this model, as we were able to demonstrate differences in gene expression on Day 13 depending on the origin of the Day 7 blastocyst. Furthermore, while small changes in embryo culture media can lead to changes in transcript abundance [38] , we do not believe that recovering and transferring in vivo-derived Day 7 embryos has long-term consequences. In the study by Knijn et al [39] , the relative abundance of one gene (HSPA1A, previously HSP 70.1) in the in vivo-derived bovine blastocysts was affected depending on whether the embryos were flushed from the live animal or following slaughter. The authors suggest that this confirms HSPA1A as an indicator of stress and conclude that more research is required to study the biological relevance, if any, of this observation. It should be noted, however, that the entire commercial embryo transfer industry is based on the recovery of Day 7 embryos from superovulated donors and their subsequent transfer to synchronized recipients. The short period of time that the embryos spend outside the female reproductive tract (in the case of fresh transfers) does not seem to adversely affect pregnancy rates.
Correspondence analysis revealed that the main influence on embryo gene expression in the current study was developmental stage (i.e., zona-enclosed blastocyst vs. hatched ovoid conceptus) with the largest differences in gene expression appearing between Day 7 and Day 13, regardless of embryo origin, compared to differences on a given day. The number of DEGs were relatively low (n ¼ 50) between in vivo-and in vitro-derived Day 7 blastocysts. This was somewhat surprising given the large volume of literature indicating differences in gene expression in blastocysts derived in vivo and in vitro [21] or between IVF and cloned Day 7 blastocysts [40, 41] . This may be due to the culture medium used, as it has been very clearly demonstrated that postfertilization culture conditions influence blastocyst gene expression regardless of the origin of the oocyte or zygote [25, 42] . More interestingly, in contrast to Day 7, there was a marked divergence in the transcriptome profile of Day 13 embryos depending on whether they originated from in vivo-or in vitro-derived blastocysts (n ¼ 288 DEGs). This would be consistent with the notion that the major period of embryonic loss occurs during this period and is different between these two types of embryos.
A comprehensive discussion of all embryo genes affected by stage of development or embryo origin is not possible. Therefore, the discussion will focus on groups of interrelated genes the expression of which is modified from Day 7 to Day 13 and that are 1) common to both in vitro-and in vivo-derived embryos and are therefore likely to be crucial for conceptus elongation, 2) uniquely associated with in vivo-derived embryos and therefore potentially preferentially associated with increased embryo survival, and 3) uniquely associated with in vitro-derived embryos and therefore potentially preferentially associated with an increased likelihood of embryo mortality.
Common Genes
The expression of 2250 genes changed between Day 7 and Day 13. Of these, 465 were common to both in vitro-and in vivo-derived embryos and are likely critical for the normal morphological transition between Day 7 and Day 13. The top 40 up-and down-regulated genes among these 465 are illustrated in Figure 8 . Some of the genes with the largest fold change increase in the Day 13 conceptus were pregnancyassociated glycoprotein 8 (PAG8) as well as the trophoblast Kunitz domain protein 1 (TKDP1) 1, 4, and 5, all of which are genes whose expression is increased coordinate with IFNT production by the conceptus trophectoderm during elongation [43, 44] . Also up-regulated on Day 13 was TDGF1, which has been shown to be potentially involved in the regulation of implantation [45] . Based on an interaction network analysis, the top network included genes involved in the processes of cellular development, lipid metabolism, and small-molecular biochemistry. Most of the transcripts included in that network were up-regulated in the Day 13 conceptus, including MYC, SLC25A12, HSPH1, LXN, ALDH18A1, PMP22, PEG3, and CDH2. Interestingly, MYC was a key intermediary molecule in this interaction network with direct and indirect effects with most of the other transcripts. MYC encodes for a transcription factor that is believed to regulate expression of 15% of all genes [46] through binding on Enhancer Box sequences and recruiting histone acetyltransferases. This suggests that in addition to its role as a classical transcription factor, MYC functions to regulate global chromatin structure by regulating 292 histone acetylation both in gene-rich regions and at sites far from any known gene [47] .
Unique to In Vivo
The expression of 444 genes changed uniquely in the in vivo-derived embryos between Day 7 and 13 and is likely associated with an increased likelihood of embryo survival. The top 40 up-and down-regulated genes among these 444 are illustrated in Figure 8 . IPA interaction network analysis identified interactions between genes associated with cardiovascular system development and function, gene expression, and organismal development ( Fig. 7) with most of them being up-regulated in Day 13 conceptuses. Among the genes identified were the laminins, a family of glycoproteins that are an important and biologically active part of the basal lamina, influencing cell differentiation, migration, adhesion, as well as phenotype and survival, all traits required by the rapidly elongating conceptus trophectoderm at this stage of embryo development [48] . Both LAMA1 and LAMC1 were highly expressed in the in vivo conceptuses on Day 13. Similarly, nidogen 1 (NID1), another component of basement membrane that may play a role in cell interactions with the extracellular matrix, was highly expressed. The extracellular matrix is believed to connect the hypoblast, inner cell mass, and trophoblast [49] of Day 11 bovine embryos. NID1 and NID2 are implicated in establishing basement membrane assembly by connecting the major networks formed by laminins and collagen IV [50] . In Nid1 or Nid2 knockout mice, neither protein is essential for basement membrane formation or maintenance, whereas some data indicate that double knockouts are lethal [51] .
Similarly, MMP2, a member of the matrix metallopeptidase family that is involved in the breakdown of extracellular matrix in normal physiological processes, was up-regulated on Day 13 only in the in vivo-produced conceptuses. The importance of MMPs in bovine implantation and placentation compared with humans and rodents has generated less interest given the noninvasive-type placentation of ruminants [52] . MMP2 expression increases in the bovine endometrium during the peri-implantation period and may play an important role in cell-to-cell contact and remodeling of endometrial epithelial and stroma cells in cow [53] . Taking into account the above, the higher expression of MMP2 identified only in the in vivo early conceptuses may suggest a direct role in establishing uterine receptivity in cattle.
Unique to In Vitro
Of the 1806 DEGs between Day 7 and Day 13 in vitro embryos, 1341 genes were unique to in vitro-derived embryos. The top 40 up-and down-regulated genes among these 1341 are illustrated in Figure 8 and include up-regulated genes involved in lipid biosynthesis (CHPT1), anion transport (VDAC1), and glycerol metabolism (GDPD1, MOGAT1) and down-regulated genes involved in regulation of metabolic process (TIMP2, FOXP1, TPPP). Interestingly, it is known that in vitro-derived blastocysts have a higher lipid content than those derived in vivo and that this is associated with a reduced cryotolerance compared to in vivo embryos [31] . The majority of the genes identified in the five interaction networks identified by IPA were down-regulated in Day 13 compared to Day 7 embryos when culture took place in vitro. Interestingly, the second interaction network (hematological disease, organismal injury and abnormalities, and cellular development) included POU5F1, which was down-regulated in the in vitro embryos on Day 13. POU5F1 (previously OCT4) is a homeodomain transcription factor of the POU family initially active as a maternal factor in the oocyte but remains active in embryos throughout the preimplantation period. POU5F1 is a pluripotency marker that maintains the undifferentiated stage of cells. It is expressed mainly in the inner cell mass of Day 7 bovine blastocysts and in the embryonic disc of elongated bovine embryos [6, 54] .
In conclusion, these results indicate that the origin of the blastocyst can have a significant impact on the transcript profile of the conceptus at the initiation of elongation. The identification of qualitative and quantitative alterations of major biological functions and expression of individual genes in conceptuses derived in vitro or in vivo may be associated with the establishment of pregnancy in cattle. Finally, this analysis has identified pathways crucial for the transition from a spherical blastocyst to an ovoid conceptus as well as those uniquely associated with a greater likelihood of embryonic survival (those unique to in vivo embryos) or loss (those unique to in vitro embryos). Finally, it should be acknowledged that the data presented here are at the mRNA level and that it is the protein that ultimately exerts the biological function. Given the large-scale transcriptomic profiling presented here, it is not possible to present parallel protein expression data. This will be the subject of future, more focused studies examining individual genes/proteins based on these data.
